Nostoc sp. (strain Mac) was shown to be capable of using glucose, fructose, or sucrose as a sole source of carbon and energy in the dark. In the light in the absence of exogenously supplied CO2, this strain exhibited a more versatile metabolism. In addition to the three sugars above, glycerol and acetate served as sole sources of carbon. This photoheterotrophic growth in the absence of exogenously supplied CO2 appears to involve 02-evolving photosynthesis. The action spectrum for photoheterotrophic growth on acetate closely resembles the action spectrum for photosynthesis. The physiology of photoheterotrophic growth was further investigated through determinations of stable carbon isotope ratios and measurements of gas exchanges. These investigations suggest that respired CO2 from substrate oxidation is assimilated by the photosynthetic machinery.
Nostoc sp. (strain Mac) was shown to be capable of using glucose, fructose, or sucrose as a sole source of carbon and energy in the dark. In the light in the absence of exogenously supplied CO2, this strain exhibited a more versatile metabolism. In addition to the three sugars above, glycerol and acetate served as sole sources of carbon. This photoheterotrophic growth in the absence of exogenously supplied CO2 appears to involve 02-evolving photosynthesis. The action spectrum for photoheterotrophic growth on acetate closely resembles the action spectrum for photosynthesis. The physiology of photoheterotrophic growth was further investigated through determinations of stable carbon isotope ratios and measurements of gas exchanges. These investigations suggest that respired CO2 from substrate oxidation is assimilated by the photosynthetic machinery.
The blue-green bacteria are generally considered to be autotrophic. Few have been shown to be capable of dark heterotrophic growth (15) . Of these, most grow slowly under heterotrophic conditions, with generation times exceeding 9 days (5, 7) . Van Baalen et al. (17) reported two blue-green bacterial strains capable of photomediated heterotrophic growth at light intensities which failed to support autotrophic growth.
Hoare et al. (7) 
RESULTS
Growth. The growth of strain Mac was examined under a variety of culture conditions (Table 1 ). Under conditions of high light (300 ft-c) and abundant CO2 (1% C02-enriched air), the addition of reduced organic substrates did not stimulate growth. However, under conditions of low light (80 ft-c) and/or reduced CO2 availability (air), the addition of reduced organic substrates produced a significant stimulation of growth. This stimulated rate of growth never exceeded that obtained under optimal autotrophic conditions (high light and 1% C02). Hoare et al. (7) previously demonstrated that strain Mac would utilize glucose and fructose as a sole source of carbon in the dark. Subsequent unpublished work showed that galactose would also serve as a sole carbon source in the dark. Neither acetate nor glycerol supports growth in the dark. In the light, in the absence of exogenously supplied CO2 (N2-gassing), glycerol and acetate in addition to glucose, galactose, and fructose will serve as sole sources of carbon.
Growth in the light in the absence of exogenously supplied CO2 with glucose, galactose, and with fructose was twice as fast as the previously reported dark heterotrophic growth (7) .
Measurements of stable carbon isotope ratios of strain Mac. Table 2 shows a summary of stable carbon isotope ratios of washed cells grown under two different light intensities with CO2 alone (autotrophic), with both CO2 and a reduced organic substrate (mixotrophic), and with reduced substrates alone (photoheterotrophic growth).
Autotrophic assimilation of CO2 consistently resulted in a preferential incorporation of 12C over '3C, i.e., a negative isotope fractionation. Cells grown autotrophically with an abundance of CO2 (1%) exhibited a negative fractionation of 10.7 parts per thousand. Heterotrophic incorporation of reduced organic substrates such as glucose consistently resulted in a small preferential incorporation of "3C with a positive fractionation of 1.5 parts per thousand. When gassing with.1% C02-enriched air, a large excess of CO2 is present, greatly reducing the possibility that respired CO2 will be fixed autotrophically. During mixotrophic growth with 1% CO2 and a reduced carbon source, cellular carbon should exhibit a combination of the autotrophically fixed CO2 with a negative fractionation of 10.7 parts per thousand and the reduced substrate incorporated heterotrophically with a positive fractionation of 1.5 parts per thousand. Thus, a model may be constructed and used to provide a rough approximation of the relative amounts of cellular carbon derived from direct incorporation of substrate and from autotrophic CO2 fixation.
Let X represent the fraction of carbon derived from heterotrophic assimilation of substrate and (1 -X) the fraction of carbon derived from the exogenously supplied CO2. These are related to the '2C/12C ratio of the cells by the following expression:
( 1C/12C)clls = X( 13C/12C) substrate + 1.5 + (1 -X) (13C/'2C)autotrophic cells Table 3 shows a summary of the values calculated for reduced organic substrate contribution during mixotrophic growth with 1% C02-air. These estimates are in good agreement with published work (12) (13) (14) .
The same formula can be applied to cells grown mixotrophically with air by utilizing the stable carbon isotope ratio of cells grown autotrophically with air ( Figure 1 shows a comparison of the isotope values of the cultures at 300 ft-c under each set of gassing conditions and those of the native substrates.
The relative distribution of the 13C/12C ratios of the substrates is clearly reflected by that of the cultures under all conditions. This distribution is also confirmed at 80 ft-c, even the air-glycerol anomaly (Fig. 1) . Under N2, some portion of the CO2 produced by substrate oxidation may be assimilated photosynthetically. As long as this assimilation is less than 100%, the potential exists for isotope fractionation. In every case, the "3C/12C value of the cells is significantly more negative (lighter) than that of the substrates upon which they were grown. This negative fractionation suggests that photosynthesis may operate during photoheterotrophic growth. Figure 2 shows that substrate fractionation during photoheterotrophic growth on glucose is related to light intensity. Saturation kinetics for fractionation resemble those for photosynthesis.
Action spectra. Light makes an obvious contribution to the growth of strain Mac with (Fig. 3) . Maximal stimulation occurs in the region in which both chlorophyll and phycocyanin are absorbed (Fig. 3) . This resembles the action spectrum for photosynthesis in blue-green bacteria (8) , suggesting the involvement of photosynthesis during photoheterotrophic growth. of CO (as measured by photosynthetic 02 evolution) varies greatly with the dexterity of handling the suspension. However, this level appears very low compared with air saturation and is independent of cell concentration. Figure 4 shows a typical 02-electrode trace for a photoheterotrophic culture in the light. After a brief initial burst, a low level of 02 evolution continues indefinitely. It has been followed in a sealed electrode chamber for in excess of 4 h.
The low net 0, evolution during photoheterotrophic growth (8 Aliters per mg per h) is equal in magnitude to one-third the 02 consumption during dark respiration (23 uliters per mg per h) and about one-fortieth of the (light-and C02-saturated) photosynthetic 02 evolution (316 isliters per mg per h). Upon addition of bicarbonate to the sealed photoheterotrophic culture, the rate of 02 evolution is immediately increased (Fig. 4) . Dark respiration and 02 evolution in the light (with bicarbonate) proceed at nearly the same rates on a dry-weight basis in autotrophic and photoheterotrophic cultures.
C02 production (02 consumption) by dark respiration (in photoheterotrophic cultures) is rapidly "titrated" as evolved 02 if illumination is restored. The sustained low level of net 02 evolution, the presence of 02 in photoheterotrophic cultures, and the immediate ability of photoheterotrophic cultures to perform 02-evolving photosynthesis upon addition of C02 suggest the involvement of photosystems I and H (8) during photoheterotrophic growth.
DISCUSSION
The ability of strain Mac to use a larger number of reduced organic substrates as sole sources of carbon in the light than in the dark suggests a new and unexplored area of carbon metabolism in the blue-green bacteria, photoheterotrophic growth. Numerous members of this group, isolated by use of autotrophic enrichments, have been surveyed for dark heterotrophic growth. Of these, very few are able to grow in the dark (15 (Table 3) .
Under all regimes of light and CO2 availability during mixotrophic growth, the stable carbon isotope ratio of the cellular carbon reflected that of the reduced organic substrates (Fig. 1) .
During photoheterotrophic growth (N2), the abundance of '3C in the cells is lower than that of the respective reduced substrates (negative fractionation). Photosynthetic CO2 assimilation results in a strong negative fractionation. In the absence of exogenously supplied CO2 (photoheterotrophic growth), respired CO2 could be incorporated via photosynthesis. Thus, the observed negative fractionation during photoheterotrophic growth provides presumptive evidence for the operation of photosynthesis. Such a system of direct assimilation of reduced substrate coupled with autotrophic assimilation of respired CO2 would provide a highly efficient mechanism for the conversion of a reduced organic substrate into new cellular components. The operation of the photosynthetic system during photoheterotrophic growth is further supported by the light saturation curve for carbon fractionation during photoheterotrophic growth (Fig. 2) .
The action spectrum for photoheterotrophic growth on acetate resembles that of photosynthesis (Fig. 3) . Cells grown photoheterotrophically are fully pigmented. During photoheterotrophic growth, 02 is slowly evolved (Fig. 4) .
Upon the addition of CO2 (NaHCO,), photoheterotrophically grown cells immediately begin rapid 02 evolution. The rate of this evolution is equivalent to that of autotrophically grown cells. These results provide further evidence for the involvement of photosynthesis during photoheterotrophic growth.
The environment is being forced to bear an increasing burden of organic waste. Calder and Parker (3) have shown that the '3C/'2C ratios of dissolved and particulate organic matter can be used as indices of organic pollution. Our physiological investigation demonstrates that, under a variety of growth conditions, the 12C/12C ratios of strain Mac reflect the stable carbon isotope ratios of various exogenously supplied organic substrates. Blue-green bacteria are often the dominant microorganisms in environments containing large amounts of organic material (6) . These organisms appear to be able to incorporate significant amounts of exogenous organic compounds into their cellular components. Possibly, they may serve as a major point of entry of dissolved organic materials into the food chain. As such, the stable carbon isotope ratios of blue-green bacterial mats may prove to be useful indices of pollution.
